The carboxy-terminal region of the rabbit hemorrhagic disease virus p37 polyprotein cleavage product has been expressed in Escherichia coli as a glutathione S-transferase (GST) fusion protein. The recombinant GST-⌬2C protein showed in vitro ATP-binding and ATPase activities. Site-directed mutagenesis studies of the conserved residues G 522 and T 529 in motif A, D 566 and E 567 in motif B, and K 600 in motif C were also performed. These results provide the first experimental characterization of a 2C-like ATPase activity in a member of the Caliciviridae.
The carboxy-terminal region of the rabbit hemorrhagic disease virus p37 polyprotein cleavage product has been expressed in Escherichia coli as a glutathione S-transferase (GST) fusion protein. The recombinant GST-⌬2C protein showed in vitro ATP-binding and ATPase activities. Site-directed mutagenesis studies of the conserved residues G 522 and T 529 in motif A, D 566 and E 567 in motif B, and K 600 in motif C were also performed. These results provide the first experimental characterization of a 2C-like ATPase activity in a member of the Caliciviridae.
Rabbit hemorrhagic disease virus (RHDV), the etiologic agent of a lethal pathology causing severe losses of farmed and wild rabbit populations (11) , has been characterized as a member of the Caliciviridae family (16, 18) and, more recently, designated the type species of the genus Lagovirus (21) . Purified virions contain two positive-polarity polyadenylated singlestranded RNA species, one of about 7.5 kb and the other of about 2.2 kb, bearing a virus-encoded VPg protein covalently attached to its 5Ј end (13, 31) . The 2.2-kb subgenomic RNA is colinear for its complete length to the 3Ј-terminal region of the genomic RNA. The data obtained from in vitro translation (30) , Escherichia coli expression studies (12, 31) , and the detection of viral protein products after RHDV infection of cultured hepatocytes (6) revealed that the viral RNA is translated into a polyprotein, which is subsequently cleaved to give rise to at least nine mature structural and nonstructural proteins. Nevertheless, only four of the eight necessary cleavage sites have been experimentally demonstrated.
Amino acid sequence motifs conserved among proteins with known biological activities have been used to predict the functions of uncharacterized polypeptides. Comparative sequence studies between RHDV and picornaviruses have predicted similarities between the RHDV mature cleavage products p37, p15, and p58 and picornaviral 2C nucleoside triphosphatase (NTPase), 3C protease, and 3D RNA-dependent RNA polymerase, respectively. Experimental data have proved that the prediction was correct for the p15 protease (12) and the p58 polymerase (10), but so far functional studies have not been published for p37, a putative 2C NTPase.
A detailed sequence analysis of the carboxy-terminal region of RHDV cleavage product p37 revealed the presence of two amino acid sequences, 522 GAPGIGKT 529 and 566 DE 567 , which correspond to the conserved motifs A (GxxGxGKS/T) and B (DD/E) found in NTP-binding proteins, which have been described to have a broad range of functions (27) . The A site is required for NTP binding, whereas the B site chelates Mg 2ϩ , which is then complexed to the ␤ and ␥ phosphates of the NTP molecule bound at the A motif (1, 24) . The presence of an additional conserved motif C ( 600 KxxxFxSxxxxxS/TTN 614 ), which is also involved in ATP hydrolysis (20) , indicated that this RHDV protein might be a member of helicase superfamily III, which includes the picornavirus-like (2C-like) proteins (5) .
In the picornavirus-like supergroup, the poliovirus 2C protein exhibits NTPase activity (14, 20, 22) , but so far a helicase activity has not been demonstrated (22) .
To investigate the putative NTPase activity of the p37 RHDV cleavage product, its corresponding coding region, encompassing the codons for amino acid residues 340 to 718 of the product of RHDV open reading frame 1, was amplified by PCR from plasmid pRC49 (12) using a sense primer, 5Ј-GGATCC AAGAGTTTCTGGGACAAGG-3Ј, in which a BamHI recognition sequence (underlined) has been added preceding the RHDV sequence, and an antisense primer, 5Ј-GAATTCtcaCT CAAATGAGGCCACGTC-3Ј, which incorporated an EcoRI restriction site (underlined) and a translation stop codon (lowercase). A 1,146-bp DNA fragment corresponding to nucleotides (nt) 1027 to 2163 of the Spanish AST/89 RHDV isolate (EMBL accession number Z49271) was amplified and cloned into the pGEM-T vector (Promega). This region of the RHDV genome, which encodes the conserved A, B, and C motifs (Fig.  1A ) of the helicase superfamily III members, was selected, taking into account the location of the segment encoding the p37 carboxyl terminus, which was originated by cleavage at the 718 EG 719 peptide bond (12) , and also considering the coding capacity needed for a 37-kDa polypeptide. Nevertheless, it should be mentioned that the p37 NH 2 -terminal residue has not been experimentally mapped. For this reason, and taking into account the known cleavage specificity of the RHDV 3C protease, the dipeptide 339 EG 340 could be hypothesized to be the amino-terminal cleavage site giving rise to a 2C-like protein with a calculated molecular mass of 42 kDa.
All attempts to express the amplified cDNA (nt 1027 to 2163) coding for the putative full-length 2C protein in E. coli by using pGEX or pQE vector systems were unsuccessful. No transformants were obtained using these constructs, probably due to the toxic effects of basal levels of the recombinant proteins. Similar cytotoxic effects have been described for the recombinant 2C protein from hepatitis A virus (7) . Expression of the hepatitis A virus 2C protein was inhibitory to the growth and protein synthesis of bacteria, but deletion of the 2C Nterminal amphipathic helix (21 amino acid residues) abrogated both this effect and the ability of 2C to associate with eukaryotic membranes. For this reason, and taking into account that a carboxy-terminal portion of the Flaviviridae NS3 protein showed NTPase (25, 28, 29) and helicase (9) activities, an amino-terminally truncated version of this polypeptide (⌬2C) encom-passing amino acid residues 501 to 718 of the RHDV polyprotein (Fig. 1A) , which contained the putative helicase consensus motifs A, B, and C (5), was expressed in E. coli as a glutathione S-transferase (GST) fusion protein. For this purpose, the amplified p37 cDNA (nt 1027 to 2163) cloned into the pGEM-T vector was digested with NcoI at a unique target sequence found within the cloned cDNA (nt 1508 to 1513 of the RHDV genome) (Fig. 1A) , and the cohesive ends were filled using the Klenow fragment. The plasmid was further digested with EcoRI, and the 655-bp fragment was purified and inserted into a blunt-ended BamHI-and EcoRI-digested pGEX-2T expression vector (Amersham Pharmacia Biotech). The resulting pGEX-⌬2C expression vector included the coding region for the carboxy terminus of the putative 2C protein (Fig. 1A ) fused in frame to the 3Ј end of the Schistosoma mansoni GST gene.
The recombinant GST-⌬2C protein (51 kDa) could be efficiently purified from E. coli BL21 cultures harboring the pGEX-⌬2C plasmid by affinity chromatography (Fig. 1B) using a bulk GST purification module (Amersham Pharmacia Biotech) in accordance with the manufacturer's instructions. The protein pattern of the eluted fractions was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8) , and the protein concentrations were calculated using the Bio-Rad protein assay. The purified recombinant GST-⌬2C protein was stored at Ϫ70°C in 50 mM Tris-HCl (pH 8.0) in the presence of 25% glycerol. All attempts to release the ⌬2C moiety from the GST carrier protein by in situ thrombin proteolysis gave rise to low-molecular-weight degraded products (data not shown), and consequently the intact recombinant GST-⌬2C fusion was used for the subsequent functional assays.
In previous works, thin-layer chromatography (TLC) was used successfully for the separation of ribonucleoside triphosphates and P i (22) . Using a similar experimental approach, we have been able to demonstrate that the purified recombinant GST-⌬2C protein is able to hydrolyze [␥-32 P]ATP, resulting in the production of 32 P i ( Fig. 2A) . Similarly to RHDV 2C-like protein, the poliovirus 2C protein conserved its NTPase activity as a fusion protein with either maltose binding protein (22) or GST (20) .
The standard ATPase assay was performed in a 20-l reaction mixture containing 20 mM HEPES-KOH (pH 7. Under the conditions used, the extent of ATP hydrolysis was dependent on the recombinant protein concentration (Fig.  2B) . No ATPase activity was observed when the fusion protein was replaced by purified GST (Fig. 2A) , supporting the idea that the hydrolytic activity was due to the ⌬2C moiety.
Various concentrations of magnesium and manganese salts were used to investigate the divalent ion requirements of the ⌬2C ATPase activity (Fig. 2C) . The recombinant enzyme showed a strict requirement of Mg 2ϩ or Mn 2ϩ under these circumstances, and therefore an appropriate concentration of magnesium acetate (5 mM) was added to all subsequent ATPase assays.
The ⌬2C enzyme activity was also found to be negatively affected by the ionic strength of the incubation medium, as demonstrated by the inhibitory effects observed after the addition of increasing amounts of NaCl (Fig. 2D) .
Stimulation of NTPase activity by polynucleotides appears to be a general feature of helicase proteins (2, 3, 23) . Nevertheless, the addition of 2 g of poly(U) to the RHDV ⌬2C ATPase incubation mixture using the optimized reaction conditions gave rise to an unexpected inhibition of the enzyme activity (data not shown). Similar inhibitory effects were also described for the ATPase activity of the poliovirus 2C protein (20) . To show that the presence of unlabeled UTP in the poly(U) preparation was not responsible for the observed inhibition, we also used 0.5 g of gel-purified (10) oligo(U) (approximately 50 residues long). A similar (fourfold) inhibition of the GST-⌬2C protein ATPase activity was found (data not shown), supporting the notion that the negative effects of poly(U) were specifically due to the polynucleotide.
Experiments were also conducted to directly address the putative helicase activity of the GST-⌬2C protein, by following previously described procedures (22) . Nevertheless, after repeated attempts we could not detect any unwinding activity (data not shown). This result could be a consequence of the use of an amino-terminally truncated protein or could indicate that RHDV 2C is not, in fact, a helicase, an activity that also could not be demonstrated for the poliovirus 2C protein (20, 22) .
In order to investigate GST-⌬2C nucleotide preferences, we used an indirect approach by studying the inhibitory effects of unlabeled NTPs and deoxy-NTPs (dNTPs) on the observed GST-⌬2C ATPase activity. For this purpose, the standard assay was carried out in the presence of a molar excess (1 mM) of each individually assayed NTP or dNTP. The resulting residual ATPase activity was measured after 20 min of incubation. The results, summarized in Fig. 3A , showed that 1 mM ATP or dATP strongly inhibited P i release (91 or 89%, respectively), indicating that these are the preferred nucleotides for the recombinant enzyme. In contrast, the presence of CTP hardly inhibited (3%) the release of labeled P i . Intermediate inhibitory effects could be found in the presence of GTP (53%) and dGTP (38%), whereas the remaining compounds, UTP (23%), dCTP (23%), and dTTP (17%), gave rise to even lower inhibition levels. These results indicate a preference of the enzyme for purine substrates, as was also described for the poliovirus 2C protein (20, 22) .
To further substantiate the nucleotide preferences of recombinant GST-⌬2C, we investigated the effect of an excess of unlabeled nucleotides on the ATP-binding activity of the RHDV GST-⌬2C protein. ) using a Stratalinker (Stratagene). After UV cross-linking, the samples were boiled for 5 min in the presence of electrophoresis sample buffer and analyzed by SDS-12% PAGE (8) . The gel was stained with Coomassie blue, dried, and autoradiographed. The radioactivity in each band was measured using an Instant-Imager (Packard Instrument Company). After correcting for the amount of protein in each band, as measured by densitometry, the percentage of ATP binding to the mutant proteins was calculated relative to the amount of ATP bound to the wild-type protein. As expected from its ATPase activity, the RHDV ⌬2C protein was also able to efficiently bind ATP, as indicated by the major labeled band observed (Fig. 3B) corresponding to the mobility of recombinant GST-⌬2C protein. The radioactive label was efficiently competed by the presence of 1 mM unlabeled ATP, GTP, dATP, or dGTP in the incubation medium. In the presence of 1 mM CTP, UTP, dCTP, or dTTP, only small amounts of ADP-protein complexes could still be observed, indicating a lower binding capacity for the RHDV ⌬2C protein.
The ATPase and ATP-binding studies, in the presence of a molar excess of unlabeled competing NTPs or dNTPs both confirmed a preference order of RHDV ⌬2C for the various nucleotides used, with the purines being the preferred compounds.
In order to investigate the contribution of the A, B, and C conserved motifs to ATP binding and hydrolysis by the ⌬2C polypeptide, we performed a limited number of site-directed mutagenesis experiments. Highly conserved amino acid residues were chosen as targets for mutagenesis, and the residues that were introduced (replacing those naturally occurring in RHDV) could be classified into two groups. The first group included changes to residues that were never found at the corresponding position in other NTP-binding proteins (4), such as mutations G 522 I and T 529 A in domain A, D 566 L in motif B, and K 600 Q in the conserved C sequence. The second type of mutants included amino acid changes to residues similar to those found at the equivalent positions of 2C-like proteins of picornaviruses, such as T 529 S in region A and E 567 D in the B motif.
For mutant construction, the BamHI-EcoRI fragment from the pGEX-⌬2C plasmid was ligated into the BamHI and EcoRI sites of pBluescript SK(ϩ), originating the recombinant plasmid pBS-⌬2C, which was used to perform in vitro sitedirected mutagenesis using the Chameleon double-stranded kit (Stratagene) and following the manufacturer's instructions. Mutagenic oligonucleotide primers, ranging from 27 to 33 nt (Table 1) , were designed to produce point mutations in the conserved sequence motifs A, B, and C. The resulting mutant BamHI-EcoRI DNA fragments were then inserted into the BamHI-EcoRI-digested pGEX-2T expression plasmid. Each of the mutated expression vectors was transformed into E. coli BL21 cells, and the GST-⌬2C mutant proteins were produced and purified as described above for the wild-type protein. To assess the overall purity and molecular size of the resulting recombinant polypeptides, equivalent amounts of each purified protein preparation were analyzed by SDS-PAGE, and the gel was stained with Coomassie blue. A major 51-kDa protein band of comparable intensity was observed for the wild-type and all mutant GST-⌬2C polypeptides (data not shown).
To test the ability of each mutant protein to hydrolyze [␥-32 P]ATP, a time course experiment was performed using the standard ATPase assay. Aliquots (1 l) from the reaction mixture were withdrawn at 3, 6, 12, and 18 min and spotted onto polyethyleneimine cellulose sheets. After the TLC sepa- 
a The number refers to the amino acid position in the RHDV polyprotein. b Mutated nucleotide residues are underlined. c WT, wild type.
ration and plate autoradiography, the released P i was measured using an Instant-Imager (Packard Instrument Company) and expressed as a percentage of the total phosphate (Fig. 4) . The data indicated that the nonconserved amino acid substitutions directed to domains A (G 522 I and T 529 A) and B (D 566 L) completely abolished ATPase activity. In contrast, the nonconserved mutation in domain C (K 600 Q) showed wildtype activity. The conserved Glu-to-Asp change in domain B (E 567 D) resulted in the loss of about 50% of the wild-type NTPase activity. Surprisingly, the conservative threonine-toserine substitution in domain A (T 529 S) resulted in a severe loss of the ATPase activity (12 to 15% of the wild-type levels).
It has been previously shown that the A and B sites play important roles in NTP binding. X-ray crystallography data have indicated that the invariant K residue of site A was in direct contact with the ␤ and ␥ phosphates of the bound nucleotide, while the first Asp residue of the B site interacted, via a water molecule, with a magnesium ion complexed with the ␤ and ␥ phosphates (1, 17, 24) . To investigate the ATP-binding properties of the ⌬2C point mutants, we used a UV crosslinking assay, in which ATP is photolyzed by UV light in the presence or absence of Mg 2ϩ , resulting in a covalent bond between the protein and the [␣-32 P]ATP. In the absence of Mg 2ϩ , the ATP-binding capacities of the wild-type and mutant proteins were reduced about fivefold (Fig. 5) , supporting the relevance of this ion for nucleotide binding. In addition, nonconserved substitutions in either domain A (G 522 I and T 529 A) or domain B (D 566 L) resulted in a dramatic decrease in ATP cross-linking (Fig. 5) . On the other hand, the conservative mutations T 529 S (domain A) and E 567 D (domain B) had moderate effects (Fig. 5) on the ATP-binding capacities of the mutant proteins.
In contrast with the results found for sites A and B, a nonconservative substitution (K 600 Q) in domain C did not alter the ATP-binding capacity of the mutant protein (Fig. 5) .
From the site-directed mutagenesis studies it could be concluded that the replacement of the motif A conserved Gly and Thr residues completely abolished the ATP-binding capacity and ATPase activity of the RHDV ⌬2C protein. Similar changes in the poliovirus 2C protein (Gly 129 Ile [14] and Ser 136 Ala [26] ) produced nonviable viruses after transfection of cultured cells. It was also found that the replacement of the conserved Asp 566 residue with Leu in motif B severely impaired its ATP-binding and ATPase activities. Similarly, this type of mutation was lethal in poliovirus 2C, as no viral RNA replication could be detected in cells transfected with mutant transcripts, suggesting a functional role for the NTP-binding motif of 2C in the RNA replication and proliferation of poliovirus (14) . The lack of ATP binding obtained with the RHDV ⌬2C site B mutant (D 566 L) does not agree with the results of an earlier mutational study involving the B motif (DEAD) of the mammalian translation initiation factor eIF-4A, which is included in the superfamily II helicases (5) . In this case, ATP binding was not affected by mutations in the B motif, although ATP hydrolysis was abolished (19) . This discrepancy may reflect differences in the ATP-binding capacities of the members of superfamilies II and III of RNA helicases. In addition, mutations in other conserved amino acid residues, such as Lys 135 (domain A) and Asp 177 (motif B), also abolished the ATPase activity of the poliovirus 2C protein (15, 20) .
Conservative-replacement studies, with amino acid residues from RHDV ⌬2C motifs A and B replaced by residues observed at the equivalent picornavirus 2C protein positions, showed that this type of changes more severely affected ATP hydrolysis than ATP-binding capacity, suggesting the biological relevance of these residues, particularly that of Thr 529 . Nevertheless, in the poliovirus system, where in vivo studies can be performed, no viable mutants could be isolated after transfection of cultured cells using mutated transcripts at the conserved domain A Ser (S 136 T) or domain B Asp (D 177 E) from poliovirus 2C (26) .
The analysis of the purified RHDV mutant protein carrying the K 600 Q change (motif C) showed wild-type ATPase and ATP-binding activities. In contrast to this observation, it has been previously reported that replacement of the conserved Asn residue in poliovirus 2C motif C inhibited the ATPase activity to undetectable levels, suggesting the requirement of motif C for the hydrolytic activity (20) . Our results might indicate that not all the conserved residues in motif C play similar roles or that, despite the high similarities observed, some significant functional differences could be found between the 2C polypeptides from poliovirus and caliciviruses.
The in vivo significance of these replacements could not be assessed in the RHDV system due to the lack of both a permissive cell culture and the possibility of producing infective viral transcripts. Nevertheless, the data reported in this work provide the first experimental evidence of the existence of a 2C-like ATPase activity in a member of the Caliciviridae, thus supporting the previous predictions of a 2C NTPase protein based on amino acid sequence analysis. 
